immunity Members of the mammalian cathelicidin (CATHL) gene family are fascinating examples of the creative evolutionary processes that generate remarkably diverse molecules in regards to size, sequence, and structure, while maintaining beneficial antimicrobial properties (Tomasinsig and Zanetti 2005) . Precursor CATHLs are found in myeloid cells, epithelial cells of the skin, oral mucosa, and the gastrointestinal tract, whereas the mature forms of these antimicrobial peptides are found at mucosal surfaces and within bodily secretions like sweat, breast milk, and saliva (Mookherjee et al. 2006) . Cathelicidins are cationic in nature, with a conserved N-terminal cathelin-like prosequence and a diverse C-terminal antimicrobial domain. Whereas the prosequence (;100 residues in length) is conserved across many mammalian species, the antimicrobial domain is highly heterogeneous both in length (12-80 residues) and in structure (a-helices, b-hairpins stabilized by disulfide bonds, and polyproline-type structures) (Oppenheim and Yang 2005) .
Cathelicidins of human and bovine origin are very diverse but share conserved functions (Mookherjee et al. 2006 ), a major factor influencing our decision to study the bovine CATHL genes. Although the CATHL genes exhibit broad-spectrum microbicidal activities, limited data currently exist with respect to the frequency and distribution of CATHL genetic polymorphisms. We therefore considered them to be potentially important candidate genes for disease resistance studies in both humans and cattle. Herein, we examined genetic diversity within 4 members of the bovine CATHL gene family, CATHLs 2, 5, 6, and 7, located on Bos taurus chromosome 22 (BTA22). The results of this study provide novel genetic variants enabling future case-control studies and functional assays designed to elucidate whether CATHL variation may potentially underlie inherited differences in bovine innate immunity.
Materials and Methods

Primers and Polymerase Chain Reaction Amplification
All polymerase chain reaction (PCR) primers were designed using Primer 3 online (http://frodo.wi.mit.edu/) with optimal annealing temperature set at 58°C. Primer pairs were designed from the Btau 3.1 assembly but verified for specificity with the Baylor Btau_4.0 draft assembly (http:// www.hgsc.bcm.tmc.edu/projects/bovine/) using the University of California-San Cruz's In-Silico PCR (http:// genomemirror.duhs.duke.edu/cgi-bin/hgPcr?command 5 start) and by aligning the reference sequences for all CATHL genes to identify locus-specific primer sites. Specifically, primers for initial PCR amplification were designed within flanking regions and utilized to ensure gene-specific amplification, thereby creating large amplicons. All PCR primers for amplification and direct sequencing of CATHLs 2, 5, 6, and 7 are available on request. Given the size of the amplicons generated for the CATHLs, multiple forward internal sequencing primers were designed to facilitate generous overlaps and complete sequencing coverage. To generate amplicons for the CATHLs investigated, step-down thermocycling programs were applied in conjunction with 50 ll reaction volumes to all samples as follows: 5 m at 95°C; 30 s at 95°C, 20 s ranging from 60°C to 63°C, 1-2 m at 72°C for 5 cycles; then, 30 s at 95°C, 20 s ranging from 58°C to 61°C, and 1-2 m at 72°C for 35 to 45 cycles, with a 10-m extension at 72°C. Each 50 ll PCR contained the following: 125-250 ng DNA, 0.2 mM each deoxynucleoside triphosphate, 0.4 lM each primer (forward and reverse), 1.5 mM MgCl2, 1Â GeneAmp PCR Gold Buffer (Applied Biosystems, Foster City, CA), 0.2Â MasterAmp PCR Enhancer (Epicentre, Madison, WI), and 3 units of AmpliTaq Gold DNA polymerase (Applied Biosystems). All resulting PCR products were visualized via agarose gel (1.5%) electrophoresis and then purified using the QIAquick PCR Purification Kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's protocol.
Sequencing
A control sample was used to verify CATHL sequence identities prior to the polymorphism screen. Thereafter, all purified bovine CATHL amplicons were directly sequenced in both directions using Big Dye Terminator cycle sequencing technology in conjunction with GeneAmp 9700 PCR Systems (Applied Biosystems). Each 10 ll sequencing reaction contained the following: 2 ll of BigDye v1.1 (Applied Biosystems), 2 ll of halfBD (Genetix USA, Inc., Boston, MA), 1 ll of PCR primer (10 lM), 0.5 ll of MasterAmp, approximately 6 ng/100 bp of purified PCR product, and enough Gibco distilled water (Invitrogen, Grand Island, NY) to bring the total volume to 10 ll. Thermocycling parameters for PCR product sequencing were as follows: 5 m at 95°C; 30 s at 95°C, 20 s at 50°C, and 4 m at 60°C for 50 cycles. Sequencing reaction products were purified using G-50 Sephadex columns (Biomax, Odenton, MD) according to the manufacturer's recommendations and then dried using a SpeedVac and stored at À20°C. Samples were rehydrated with 15 ll of ABI HiDi Formamide (Applied Biosystems) and resolved on an ABI 3130 automated sequencer (Applied Biosystems).
DNA Samples
DNA from an Angus bull (JEW38) was used for initial primer optimization and verification of amplicon sequence identities via BLAST (http://www.ncbi.nlm.nih.gov/ genome/seq/BlastGen/BlastGen.cgi?taxid59913) and/or CLUSTALW (http://align.genome.jp/) alignment with the corresponding Hereford reference sequence as previously described (Seabury et al. 2007 ). In addition to the Angus sample (JEW38), one bovine DNA was selected from the following breeds whose origins were derived from the Oklahoma State University cattle breeds website: Braford, Brahman, Charolais, Holstein, Limousin, Nelore, Piedmontese, and Romagnola. The source of the DNA was commercially available spermatozoa from a local repository (Seabury et al. 2004 (Seabury et al. , 2007 . All CATHL sequences generated in this study were compared with the Hereford reference sequence from the Baylor Bovine Genome Project (http://www.hgsc.bcm.tmc. edu/projects/bovine/) Btau_4.0 draft assembly using CLUSTALW online (http://align.genome.jp/).
Comparative Sequence Analysis
All bovine CATHL sequences were assembled within the program Sequencher 4.7 (Gene Codes Corporation, Ann Arbor, MI) using default assembly parameters. All heterozygous nucleotides were marked manually with the appropriate International Union of Pure and Applied Chemistry and International Union of Biochemistry and Molecular Biology codes for heterozygosity and confirmed by alignment of multiple overlapping sequences within Sequencher 4.7. Ambiguous polymorphisms were validated by a secondary round of PCR and direct sequencing, with the resulting consensus sequences exported for further analysis. The online utility SMART (http://smart.embl-heidelberg.de/) was used for prediction of bovine CATHL protein domain architectures. The normal mode of SMART was employed in conjunction with the following settings: include PFAM domains, signal peptides, internal repeats, and intrinsic protein disorder. Additionally, SMART was also utilized to investigate how predicted amino acid replacements influence the prediction of protein domain architectures as previously described (Seabury et al. 2007; Seabury and Womack 2008) .
Statistical Analysis
A 2-tailed Fisher's exact test was performed using eXactoid Web-based statistics software (http://www.exactoid.com/ fisher/index.php), where P , 0.05 was considered statistically significant.
Results
Comparative sequence analysis of CATHLs 2, 5, 6, and 7 for 10 domestic cattle breeds revealed 60 single nucleotide polymorphisms (SNPs) and 5 insertion-deletion (indel) mutations, with a total of 7 nonsynonymous SNPs (Table 1) for all CATHL loci investigated. All bovine CATHL sequences and SNPs have been deposited in GenBank (accession numbers EU380697-EU380714 and EU751302-EU751310) and dbSNP (accession numbers ss104806979-ss104807043). Collectively, 75% (n 5 45) of the SNPs detected were transitions and 25% (n 5 15) were transversions. No putative CpG islands were detected by either CpGPlot (http://www.ebi.ac.uk/emboss/cpgplot/) or CpGProD (http://pbil.univ-lyon1.fr/software/cpgprod_ query.html) online for any of the bovine CATHL genes investigated in this study. Predicted amino acid replacements encoded by nonsynonymous SNPs within bovine CATHL2, but not CATHLs 5, 6, or 7, resulted in the prediction of protein domain alterations using the simple modular architecture research tool (SMART) online (http://smart. embl-heidelberg.de/). Repetitive sequences were detected within the targeted region of bovine CATHLs 2, 5, 6, and 7 using RepeatMasker online (http://www.repeatmasker.org).
CATHL2
Comparative sequence analysis of 1559 bp spanning the coding and contiguous flanking regions of CATHL2 for 10 bovine breeds yielded 5 SNPs ( Supplementary Table 1 ), one of which was nonsynonymous (Table 1) . Three repetitive sequences totaling 353 bp were detected within bovine CATHL2: DNA/MER1_type, SINE/MIR, and a simple repeat. No SNPs or indels detected for bovine CATHL2 were observed within any of the repetitive sequences identified. Prediction of CATHL2 protein domain architectures via SMART online for B. taurus and Bos indicus revealed a conserved signal peptide domain (amino acids 1-29) and a conserved PFAM Cathelicidin domain (amino acids 31-97). Notably, the single predicted amino acid replacement within bovine CATHL2 (66 Asp / Asn) resulted in SMART prediction of a Cystatin-like domain (amino acids 18-125).
CATHL5
Eighteen SNPs were revealed via comparative sequence analysis of 1875 bp spanning the coding regions of CATHL5 for a panel of 10 cattle breeds. Of the 8 SNPs detected within the coding region ( Supplementary Table 2 ), 2 were nonsynonymous (Table  1) . Collectively, 3 repetitive sequences were detected via RepeatMasker, totaling 298 bp: LINE/L2, DNA/MER1_type, and SINE/MIR. One of the SNPs detected for bovine CATHL5 occurs within the LINE/L2 described above. Prediction of bovine CATHL5 protein domain architectures using SMART online revealed a conserved signal peptide domain (amino acids 1-29) and a conserved PFAM Cathelicidin domain (amino acids 31-98). Amino acid replacements predicted encoded by bovine CATHL5 nonsynonymous SNPs (nsSNPs) did not result in SMART prediction of novel protein domain architectures or protein domain alterations.
CATHL6
The total genomic size (including 956 bp of unresolved sequence data) of CATHL6 is 2345 bp based on the current RefSeq (NC_007320.2 and NM_174832.2). In this study, we interrogated 2,052 bp of bovine CATHL6 and detected 28 SNPs and 5 indels ( Supplementary Tables 3 and 4 ). The entire coding region of CATHL6 was targeted as well as 5# and 3# flanking sequences. Of the 9 SNPs identified within the CATHL6 coding region, 4 were nonsynonymous (Table 1) .
After multiple sequence alignment, 5 indels were observed within intronic sequences located between exons III and IV of CATHL6. Notably, all 9 breeds investigated share the same homozygous genotype for every indel observed, suggesting the possibility of sequence assembly errors associated with the Hereford CATHL6 reference sequence. According to the Hereford reference sequence, 956 bp of sequence data are currently unresolved in the intronic region between exons II and IV. Alignment between our fully sequenced individuals and the reference sequence via CLUSTALW (http://align. genome.jp/) indicates only a 537-bp gap exists, for which we have acquired complete sequence data. Consequently, this gap in the reference sequence is predicted to include the region that encodes CATHL6 exon III. The position and nucleotide sequence of this exon was predicted based on the high conservation of the bovine CATHL exons I-III.
Three repetitive sequences totaling 337 bp within the target region of CATHL6 were identified as follows: LINE/ L2, DNA/MER1_type, and SINE/MIR. Altogether, 6 SNPs and 1 indel were detected within the 3 repeats identified by RepeatMasker.
Prediction of bovine CATHL6 protein domain architectures using SMART online revealed a conserved signal peptide domain (amino acids 1-29) and a conserved PFAM Cathelicidin domain (amino acids 31-98). Predicted amino acid replacements encoded by bovine CATHL6 nsSNPs did not result in the prediction of novel protein domain architectures or protein domain alterations.
CATHL7
Comparative sequence analysis of 2245 bp spanning the coding and contiguous flanking regions of bovine CATHL7 revealed 9 SNPs, none of which were nonsynonymous ( Supplementary Table 5 ). RepeatMasker online revealed 2 repetitive sequences within CATHL7, totaling 216 bp, as follows: LINE/L2 and DNA/MER1_type. The online utility SMART was not employed to investigate how predicted amino acid replacements influence the prediction of protein domain architectures for CATHL7 as all SNPs within the coding region were synonymous.
Discussion
Cathelicidins are small amphipathic peptides that exhibit rapid and potent activity against a wide variety of pathogens, including bacteria, viruses, and fungi (Braff et al. 2005) . In this study, we elucidated 60 SNPs and 5 indels for a panel of 10 bovine breeds, including representatives of B. taurus, B. indicus, and composites thereof. The SNP density of these genes ranged from 1/73 (CATHL6) to 1/311 bp (CATHL2), with an average density of 1/128 bp. This average density is comparable and not significantly different (2-tailed Fisher's exact test, P 5 0.8299) to SNP densities for other bovine innate immunity genes investigated using the same bovine breed panel (Seabury and Womack 2008) . The single predicted amino acid replacement (66 Asp / Asn) identified within CATHL2 was observed in 2 composite breeds (Piedmontese, Romagnola) and was determined to modulate confident prediction of one protein domain using SMART online (PFAM Cathelicidin domain / CY, Cystatin-like domain). This is not surprising, given that the cathelin-like prosequence of the bovine CATHL genes shows similarity to the cystatin superfamily (cysteine protease inhibitors; Zanetti 2004) .
CATHLs 5, 6, and 7 are grouped in the linear a-helical structural class and show antimicrobial effectiveness against a wide variety of clinically relevant Gram-negative and Gram-positive bacteria (Zanetti et al. 2002) , including Pseudomonas aeruginosa (Benincasa et al. 2003 ) and methicillin-resistant Staphylococcus aureus (Gennaro et al. 1998 ). The single human cathelicidin LL-37 shares the linear a-helical structure with these bovine CATHLs and exhibits antimicrobial activity against similar microbes. In recent years, the abuse of antibiotics has led to widespread bacterial resistance, and natural antibiotics encoded by the cathelicidin genes may ultimately enable novel treatment strategies for resistant infections in both humans and animals. Recent human studies have focused on correcting the deficit of antimicrobial activity in the lungs of cystic fibrosis (CF) patients, who chiefly suffer from chronic inflammation and infection from P. aeruginosa (Bals et al. 1999; Yim et al. 2007) . Previous experiments showed that overexpression of LL-37 in a human bronchial xenograft model reversed the deficiency of bacterial killing specific to CF (Bals et al. 1999) .
The human and cattle genomes share approximately 70% sequence homology, and comparison of gene expression profiles will ultimately elucidate the extent of conservation related to innate immune responses between species (Mookherjee et al. 2006) . To date, no nonsynonymous polymorphisms in the CATHL genes have been associated with specific diseases or clinical conditions, but the underexpression of these genes results in a compromised immune response to microbial invaders (Pütsep et al. 2002) . The synergistic effects of CATHL peptides in the presence of xenobiotic CATHLs (Lee et al. 2005 ) substantiate the need for continued investigations regarding the potential effects of CATHL genetic variation on host innate immune responses.
